In previous experiments, we studied the induction of lymph follicle formation with various antigenic and mitogenic substances in the draining popliteal lymph nodes of mice (Hoshi et al. 1984a (Hoshi et al. , 1986 Hone and Hoshi 1989) . The results indicated that high-molecular-weight or precipitated substances are efficient in inducing follicle, formation., whereas soluble substances are inefficient.
The thymus-dependence of the inducing agent appeared to be irrelevant when normal animals were used. It was suggested that lymph follicle formation is triggered by substances which stimulate T or B lymphocytes with concomitant activation of macrophages.
Although DS is known to be a potent B-cell mitogen (Dorries et al. 1974 ) and an immunological adjuvant (Diamantstein et al. 1971; McCarthy et al. 1977 ), we found that, when a high dose of dextran sulfate (DS, mol. wt 500,000) was locally administered, macrophages markedly disappeared from the lumen of lymphatic sinuses and from the lining layer of subcapsular sinuses, and lymph follicles in the peripheral cortex were disorganized extensively. A deteriorative effect of intravenously injected DS on phagocytic cells in the liver of mice infected with Listeria monocyto genes has been reported (Hahn and Bierther 1974) . However, there have been few reports of the effects of locally injected DS on the draining lymph node. The present paper, therefore, describes cellular and histological changes in the draining popliteal nodes of mice after local injection of this compound.
MATERIALS AND METHODS

Animals
C57B1/6 male mice, aged 8-13 weeks, were used. They were allowed free access to food and water.
Injection of DS
Sodium dextran sulfate (DS, mol.wt 500,000; Nakarai Tesque Incorporation, Kyoto) was dissolved in phsiological saline before use. Each mouse received an injection of 20,100 or 500 pg of the compound in a 40-p1 volume of solution in the left rear footpad. The animals were sacrificed by cervical dislocation at various intervals between 1 and 35 days after the injection.
Some animals were given an injection of 40 pl of colloidal carbon (Pelikan C11/1431a, Giither Wagner, Hannover, Germany, diluted 1; 3 with physiological saline) in the left rear footpad before or after injection of 500 pg of DS. All the treated animals were sacrificed at scheduled intervals, as described in Results.
Light microscopy
At necropsy, the popliteal nodes on both sides were removed from each animal, cleared of surrounding fat, and weighed. The node on the right side served as the control. The specimens were fixed for 3-5 hr in Zenker-Formol solution, dehydrated, and embedded in JB-4 resin. Serial sections, cut at a thickness of 3 gum, were prepared and stained with May-Grunwald and Giemsa solutions. Some nodes were fixed with buffered 10% formalin. Serial sections of these were prepared, and then impregnated with silver according to a modification of Bielschowsky's technique. Other nodes were fixed with absolute ethanol, and sections prepared from these specimens were stained with Mowry's periodic acid-Schiff method for demonstration of dextran (Mowry and Millican 1953) .
Electron microscopy
The popliteal nodes were removed from treated mice. Each node obtained was cut in half, immersed in a mixture of Karnovsky's glutaraldehyde-paraformaldehyde fixative for 2 hr and buffered with cacodylate overnight. The specimens were then cut into smaller pieces and osmicated in 1% 0SO4 for 2 hr. Pieces of lymph nodes were dehydrated in ethanol and embedded in an Araldite-Epon mixture. Ultrathin sections were stained with uranyl acetate and lead citrate, and observed with a JEOL 100CX electron microscope.
Histochemistry and immunohistochemistry
Demonstration of acid phosphatase. The popliteal nodes on both sides were frozen rapidly in a dry ice-acetone mixture. Cryostat sections (about 6 gum thick) were air-dried, and fixed for 10 min in pure acetone. Acid phosphatase (AP) was demonstrated using naphthol AS-BI phosphate as a substrate with hexazotized pararosanilin as salt (Barka and Anderson 1962) .
Demonstration of surface IgM and B220. For demonstration of surface IgM, cryostat sections prepared as described above were incubated for 1 hr with peroxidase-conjugated rabbit anti-mouse IgM (diluted 1: 50; Organon Teknika N.V.-Cappel Products, West Chester, PA, USA). For detection of surface B220, frozen sections were incubated for 1 hr with anti-B220 from hybridoma (kindly supplied by Professor Tsunetoshi Itoh, Tohoku University School of Medicine), washed, and incubated for 1 hr with peroxidase-conjugated rabbit anti-rat IgG (diluted 1:100; Organon Teknika N.V.-Cappel Products). After washing, all the sections were stained for peroxidase activity with 0.02% 3, 3'-diaminobenzidine-tetra HC1 (DAB) in PBS, containing 0.005% 11202 for 10 min.
Tracer study using FITC-conjugated human serum albumin. FITC-conjugated HSA was injected into the left rear footpad and the draining popliteal nodes were removed 30-90 min after the injection of labeled HSA. Distribution of labeled HSA in the DS-treated nodes was examined by fluorescence microscopy.
Incorporation of [3H] thymidine and autoradiography. Six mice were each given 500 ,ug of DS. After 3 days, they were given an injection of 20 ~cCi tritiated thymidine (specific activity, 16.2 ,u Ci/mmol) into the tail vein and sacrificed 1 hr later. In four mice, the popliteal nodes on both sides were removed and weighed. After oxygen-flask combustion, the total radioactivity in the individual organs was determined using a liquid scintillation counter (SLC-102; Aloka Co., Tokyo).
The popliteal nodes taken from other two mice were fixed in buffered formalin, embedded in a JB-4 kit and cut into 3-,um sections. The sections were dipped in Sakura NMR2 emulsion, exposed for 2-3 weeks, developed and stained with hematoxylin. The distribution of labeled cells on randomly selected sections was examined by determining the ratio of labeled cells per 1,000 nucleated cells.
RESULTS
Light microscopy
Normal popliteal nodes. The popliteal nodes on the non-injected side generally contained 9-13 lymph follicles in the peripheral cortex, and only occasional germinal centers were formed within the follicles. In sections stained with May-Grunwald and Giemsa solution, lymph follicles were readily distinguishable from the interfollicular zone, being densely packed with small lymphocytes (Fig.  1) . Most of these lymphocytes were B lymphocytes bearing surface IgM and B220, as demonstrated in immunohistochemically stained cryostat sections (Fig.  3) . In silver-impregnated sections, lymph follicles were observed as round or oval structures with relatively sparse argyrophil fibers among the argyrophil network of the interfollicular zone (Fig. 2) .
Popliteal nodes treated with DS 500-,ug dose of DS. Animals were sacrificed at 1, 4, 6, 9, 21 and 35 days after a 500-pg injection of DS. After this treatment, the ipsilateral nodes increased in size and their weight became 5-7 times greater than that of the contralateral nodes at 6 days (Table 1) .
At 24 hr after injection, an amorphous substance, which showed a positive reaction upon dextran-staining, filled the subcapsular sinus and penetrated into the parenchyma through the sinus lining. Cells containing a basophilic material, representing macrophages ingesting the injected DS, were frequently seen at the periphery of the parenchyma (Fig. 4) . Furthermore, small lymphocytes had largely disappeared from the peripheral cortex and deep cortex. All the lymph follicles were disorganized and hardly recognizable, both in sections stained with May-Grunwald and Giemsa solutions and those impregnated with silver (Figs. 5, 6) . At 4 days, macrophages loaded with metachromatic material, representing ingested DS, were present in the outer peripheral cortex and medullary cords (Fig.  7) . Blast cells and larger lymphocytes were frequently evident throughout the nodal parenchyma, except for the outer peripheral cortex, where lymphoid cells were sporadic, and an amorphous substance giving a positive reaction upon the dextran-staining was diffusely distributed between stromal cells. At 24 hr and 4 Numbers of lymph follicles per whole Popliteal after injection of DS into the left hind footpad node at different intervals days, lymphocytes bearing surface IgM were scarecely visible in cryostat sections, whereas those bearing B220 were scattered in the parenchyma at 24 hr and increased in number at 4 days (Figs. 8, 9 ).
By 6 days, the blast reaction had subsided considerably, and small lymphocytes, whose surface IgM was demonstrable in cryostat sections, had reappeared in the deeper layer of the peripheral cortex (Fig. 10 ). Plasma cells were seldom present in the medullary region (Fig. 11 ). In the following days, Ig-bearing lymphocytes increased in number and were distributed loosely in the deeper peripheral cortex without showing any tendency to reorganize lymph follicles. At 21 days, in many treated nodes, small lymphocytes bearing surface Ig populated the outer as well as the deeper layer of the peripheral cortex and in places formed irregularly outlined follicle-like accumulations. In some treated nodes, large portions of the peripheral cortex remained poorly populated with lymphoid cells (Fig. 12) .
At 35 days, many treated nodes exhibited regenerated lymph follicles in the peripheral cortex, with numbers comparable to or exceeding, those of follicles in the control node, whereas some treated nodes contained smaller numbers of regenerated follicles (Fig. 13 ). In the latter case, a large portion of the peripheral cortex was occupied by a network of slender lymphatic sinuses or vessels projecting from the subcapsular or medullary sinuses, and this network further extended into the deep cortex, thereby dividing it into several blocks (Fig. 14) . Mast cells were rarely or seldom present in the treated nodes. Smaller doses of DS. Changes occurring in the draining node after a 100-pug injection of DS were largely similar to those observed in the nodes after a 500-,ug injection. Treatment with 20 pg of DS caused little change in morphology (Table 1) .
Electron microscopy
At 24 hr and 3 days after a 20-pg injection of DS, macrophages located in the lumina of the lymphatic sinuses and in the outer part of the nodal parenchyma were found to contain numerous electron-dense particles, 8-22 nm in diameter, within their cytoplasmic vacuoles or lysosomes. These particles were thought to represent DS molecules or their aggregates.
At 24 hr after a 500-pg injection of DS, damaged cells, cell debris and accumulations of amorphous substances were frequently observed in the lumina of the lymphatic sinuses and less frequently in the periphery of the parenchyma. The damaged cells were macrophages: their cytoplasm was highly vacuolated, they contained electron-dense particles, either singly or in aggregates, within their cytoplasmic vacuoles and lysosomes, and the cell membrane and limiting membrane of the vacuoles enclosing the particles were disrupted (Fig. 15) . At 3 days, the degenerated cells and amorphous substances had been cleared from the lymphatic sinuses; in the outer part of the parenchyma, however, large numbers of macrophages containing electron-dense material but intact organelles were observable among lymphoid cells and elongated fibroblast-like cells (Fig. 16) .
The effect of DS on follicular dendritic cells was not examined in this study.
Distribution of cells showing acid phosphatase activity
In the control nodes, cells with strong AP activity (AP cells) lined the subcapsular sinus and were numerous in the medullary region (Fig. 17) .
At 4 days after a 500-jig injection of DS, AP cells were markedly depleted in the lining of the subcapsular sinus (Fig. 18) . Cells showing moderate AP activity were scattered throughout the nodal parenchyma. At 21 and 35 days, AP cells were still infrequent in the lining of the subcapsular sinus.
Injection of FITC-conjugated HSA When injected into the footpad of normal mice, FITC-conjugated HSA reached the subcapsular sinus of the draining node within 30 min, penetrated through the sinus lining and diffused deep into the nodal parenchyma along the network of reticular fibers (Fig. 19) .
In mice that were given labeled HSA at 4, 7 and 14 days after DS injection, intraparenchymal diffusion of labeled HSA was severely blocked at the outer peripheral cortex. When given as late as 21 days after DS treatment, in some treated nodes, intraparenchymal diffusion of HSA was still blocked at the outer peripheral cortex (Fig. 20) , whereas in the other nodes, a small number of HSA passed through the sinus lining and diffused deep into the parenchyma.
Injection of colloidal carbon after DS treatment
At 4 days after normal mice had been given an injection of colloidal carbon into the footpad, macrophages heavily loaded with carbon were seen within the lymphatic sinuses and in the medulla, while those containing small to moderate quantities were located in the lining of the subcapsular sinuses and the nodal parenchyma (data not shown).
When mice were given carbon, followed by an injection of DS 7 days later and sacrificed at day 12, macrophages heavily loaded with carbon were not present in the lymphatic sinuses and the medulla, whereas those containing both carbon and metachromatic material (ingested DS) were scattered in the periphery of the nodal parenchyma and the medullary cords (Fig. 21) . Mast cells were seldom present in the treated nodes. On the other hand, when carbon was given 5 days after the DS treatment, carbon-loaded macrophages were scarecely observable.
[3H] Thymidine incorporation into the cells of DS-treated nodes Between 1 and 6 days after footpad injection of DS, the draining nodes showed a blast reaction in the lymphoid parenchyma. To confirm the histological observations, whether or not [3H] thymidine was incorporated into cells of the draining nodes was examined at 3 days after the DS injection. DS increased the uptake of [3H]thymidine 7-fold in comparison with that of the control (Table 2) .
In mice treated with a T-cell mitogen such as PHA or ConA, labeled cells were frequently seen in the deep cortex, the area known to be the T-cell zone, whereas in animals treated with LPS, a B-cell mitogen, many labeled cells were present in the follicular region, a B-cell domain, and also in the deep cortex . In mice given DS, it was difficult to delineate the peripheral cortex from the deep cortex due to the disorganization of lymph follicles. A large number of labeled cells were scattered throughout the cortical parenchyma and the medulla (Fig. 22) .
DISCUSSION
After local injection of dextran sulfate, the draining popliteal nodes showed characteristic changes in morphology: macrophages lining the subcapsular sinus and those located in the lumina of the lymphatic sinuses were largely depleted, lymph follicles in the peripheral cortex were disorganized, and blast cells appeared throughout the parenchyma.
The intensity of these changes was dose-dependent, and typical changes were observed in mice with a higher dose (500 ,u g) of DS.
At 1 day after footpad injection of DS, Ig-bearing small lymphocytes in lymph follicles had largely disappeared from the treated node, leaving larger lymphocytes bearing B220 scattered in the parenchyma. The precise reason for this change is not clear. One probable explanation is that, as will be discussed below, DS affects the follicle stromata capable of attracting B lymphocytes, and thereby Ig-bearing lymphocytes become free from the stroma, disperse through the nodal parenchyma, and undergo transformation in response to the mitogenic action of DS. It is known that surface Ig on B lymphocytes becomes hardly detectable when the cells undergo blast transformation.
In the following days, the draining node showed a marked blast reaction throughout the parenchyma. 
Incorporation of intravenously administered [3H] thymidine into the popliteal nodes on the injected side and distribution of labeled cells in the nodes at 3 days after injection of DS into the left hind footpad
In contrast to the fact that a blast reaction due to mitogens and antigens generally accompanies plasmacytosis in the medulla and germinal center development within existing primary follicles , DS, though inducing a pronounced blast reaction, induced neither plasmacytosis nor germinal center formation, indicating that DS cannot evoke an efficient antibody response. It has been demonstrated in an in vitro system that DS activates DNA synthesis by B cells but causes only marginal induction of antibody secretion (Gronowicz and Coutinho 1974) . The present results suggest that DS acts on B cells in vivo in a manner similar to its action in vitro.
The present study confirmed the previous observation that DS has a detrimental effect on macrophages. Following the treatment with DS, macrophages located within the lymphatic sinuses and those lining the subcapsular sinus were almost completely eliminated. Since macrophages at these sites are highly accessible to material carried into the node via the afferent lympatics, DS reaching the node was vigorously taken up by these macrophages, damaged and destroyed macrophages. DS also penetrated into the parenchyma through the subcapsular sinus, and was taken up by parenchymal macrophages, which persisted for a while in the form of metachromatic macrophages. It has been reported that when DS was locally injected, a large number of mast cells containing metachromatic granules migrated into the draining node (Wlodarski et al. 1990 ). Present observations clearly indicate that the "metachromatic cells" appearing in the treated nodes are macrophages that have ingested DS, by demonstrating both carbon and metachromatic material in the same macrophages. Mast cells were seldom found in the treated node.
DS penetrated into the parenchyma through the sinus lining, causing damage to the stroma of the peripheral cortex, particularly to its outer layer. Disarrangement of the argyrophil fiber network in the peripheral cortex and persistent poor repopulation of the outer peripheral cortex with lymphoid cells were prominent. It has been shown that in the normal node, afferent lymph carrying antigen diffuses through the sinus lining deep into the nodal parenchyma along reticular fibers which form a network in the parenchyma. Therefore, it is possible that damage by DS to the stroma of the peripheral cortex may impair the intraparenchymal diffusion passage of lymph-carried antigen. In fact, this was confirmed by the present tracer study using FITC-conjugated HSA.
The most striking change in the draining nodes produced by the DS-treatment was disorganization of all the pre-existing lymph follicles and germinal centers. The change occurred within 24 hr after injection, and the follicle-free state continued for 3 weeks. Destruction of lymph follicles and germinal centers due to damage of lymphoid elements has been observed in lymphoid organs of animals after systemic administration of adrenocorticosteroid hormones and after wholebody x-irradiation. In these cases, the stromata of injured follicles remain little affected, and lymph follicles and germinal centers are reconstructed in the sites of the persisting stromata, when regenerated lymphocytes begin to repopulate the lymphoid organ (Durkin and Thorbecke 1972; Hoshi et al. 1984b ). The stroma of a lymph follicle consists of follicular dendritic cells (FDC) which interact with B cells. Dijkstra and Van den Berg (1991) suggested that C3 on FDC plays an important role in attracting B cells that express CR2, a receptor for C3, on their surface. In the present system, Ig-bearing B lymphocytes largely disappeared from the treated node within 24 hr after DS treatment, but from 6 days onward, these cells reappeared in the deeper peripheral cortex. If the stromata of preexisting follicles were left intact, they would attract repopulated B lymphocytes and reform lymph follicles. Repopulated B lymphocytes, however, showed no tendency to reorganize lymph follicles for the following 10 to 15 days. It is possible that injected DS may have caused disorganization of preexisting follicles by affecting FDC in the follicle stromata. FDC have the capacity to hold immune complexes (IC), since they possess Fc and C3 receptors capable of binding IC (Klaus and Humphrey 1977; Radoux et al. 1985) . If FDC in the pre-existing follicles were in fact affected by DS, the treated nodes would be unable to bind IC in the peripheral cortex. This was assessed by in vivo and in vitro assays for IC trapping by FDC, using HRP-anti-HRP complex: in both assays, the treated node showed no follicular localization of IC from 1 day through 14 and/or 21 days (unpublished observations, Hone et al.) . On the basis of the present findings, we conclude that DS penetrating into the pre-existing follicles makes FDC in the follicle stromata incapable of interacting with B cells, resulting in follicular disorganization. The precise mechanism for this functional alterations of FDC by DS awaits further elucidation. This is the first report of disorganization of the lymph follicles existing in a lymph node due to damage of the follicle stromata, and it would be interesting to determine whether or not the DS-treated node devoid of lymph follicles regenerates new ones.
In the present study, regeneration of lymph follicles was initiated in some treated nodes in the restored peripheral cortex at around 3 weeks, by which time the intraparenchymal diffusion pathway of the afferent lymph had just been reorganized, as shown by FITC-conjugated HSA. Regenerating lymph follicles thus seem to develop de novo in response to lymph-carried antigen and other factors diffusing into the nodal parenchyma. The number of regenerated lymph follicles per treated node at 5 weeks varies, depending largely on how extensively the peripheral cortex of a treated node has recovered from injury. It was noteworthy that at the 5-week stage, macrophages in the medulla and lining the subcapsular sinus still remained depleted, indicating that at least in this experimental system macrophages had little influence on the regeneration of lymph follicles, although it remains unknown whether macrophages in the normal node play an important role in the formation of lymph follilces under normal conditions.
Illustrations follow
Figs, l-3. Portions of popliteal lymph nodes obtained from untreated mice. Fig. 1 . Two primary follicles are evident in the peripheral cortex. MayGrunwald and Giemsa staining. X 100 Fig. 2 . Silver-impregnated section obtained from the same material as in Fig, 1 . Two lymph follicles containing sparse argyrophil fibers are shown. X 90 Fig. 3 . Cryostat section, showing two lymph follicles consisting of lymphocytes bearing surface IgM. X 140 Fig. 4 . Portion of a popliteal node at 24 hr after a 500-pg injection of DS.
Amorphous substances were present in the subcapsular sinus and in the periphery of the parenchyma (arrowheads). Cells containing a basophilic material were seen in the outer layer of the peripheral cortex (arrows). x 165 Fig. 5 . Portion of a popliteal node at 24 hr after a 500-pg injection of DS.
Lymphocytes are dispersed from disorganized lymph follicles towards the interfollicular zone and the deep cortex. X 90 Fig. 6 . Silver-impregnated section from the same material as in Fig. 5 . Note that the follicular structure is hardly discernible in the peripheral cortex. X 95
Fig Fig   Fig   Fig   Fig   Fig   Fig   Fig   7 . Portion of a popliteal node at 4 days after a 500-pug injection of DS, showing macrophages loaded with metachromatic material in the outer layer of the peripheral cortex. X 240 8. Cryostat section of a popliteal node at 4 days after a 500-,ug injection of DS. Lymphocytes bearing s-IgM are barely evident. X 100 .9. Cryostat section from the same material as in Fig. 8 . Lymphocytes bearing B220 were diffusely distributed in the nodal parenchyma. X 100 .10. Cryostat section of a popliteal node at 6 days after a 500-,ug injection of DS. Lymphocytes bearing s-IgM are losely distributed in a restricted area in the deeper part of the peripheral cortex. x 80 .11. Portion of a popliteal node at 6 days after a 500-,ug injection of DS. Plasma cells were few in number in the medullary region. X 380 .12. Portion of a popliteal node at 21 days after a 500-,ug injection of DS. Small lymphocytes have accumulated in the peripheral cortex with variable thickness and cell density. X 30 .13. A popliteal node at 35 days after a 500-pg injection of DS, showing lymph follicles reorganized in the peripheral cortex. X 30 .14. Portion of a popliteal node at 35 days after a 500-,ug injection of DS, showing that the outer peripheral cortex was distributed with slender lymphatic vessels projecting from the subcapsular sinus. X 120 Fig   Fig   .15 . Electron micrographs of a degenerated macrophage with highly vacuolated cytoplasm, located in the outer layer of the peripheral cortex at 24 hr after a 500-pg injection of DS. x 7,900 Inset: Higher magnification of a cytoplasmic vacuole in a macrophage, showing electron-dense particles possibly representing DS particles. . 16 . Electron micrograph of the outer layer of the peripheral cortex in a popliteal node at 3 days after a 500-,ug injection of DS. Macrophages containing electron-dense material within their cytoplasmic vacuoles are present among lymphocytes. X 4,500
Fig Fig   Fig   Fig   Fig   Fig   .17 . Cryostat section of a popliteal node from an untreated mouse. AP cells line the subcapsular sinus and are scattered in the deep cortex, while these cells are rather few within lymph follicles. X 155 .18. Cryostat section of a popliteal node at 4 days after a 500-p g injection of DS, showing distribution of AP cells in the periphery of the node. Note that AP cells are scarce in the lining of the subcapsular sinus. X 155 .19. Portion of a popliteal node at 30 min after footpad injection of FITCconjugated HSA, showing intraparenchymal diffusion along the network of reticular fibers by fluorescence microscopy. x 145 . 20. Portion of a popliteal node from a mouse which was given a 500-p g injection of DS on day 0, followed by injection of FITC-conjugated HSA on day 21 and killed 30 min later. In this node, intraparenchymal diffusion of labeled HSA was still impaired severely at the 3 week stage of the DStreatment. X 145 . 21. Outer portion of the peripheral cortex in a popliteal node from a mouse which was given injection of colloidal carbon on day 0, followed by a 500-pg injection of DS on day 7 and killed on day 12, showing macrophages containing both carbon and metachromatic material (arrows). x 350 . 22. Autoradiograph of a popliteal node from a mouse which was given a 500-pg injection of DS on day 0, followed by intravenous injection of [3H] thymidine on day 3 and killed 1 hr after [3H] thymidine injection, showing numerous labeled cells distributed in the cortical parenchyma. X 670
